Building size has huge impact on residential energy consumption. There is significant underoccupation in English homes, even in cities. Huge energy savings are possible if people downsize (move into smaller homes). Lack of alternative, smaller accommodation structural barrier to downsizing. 
Introduction
Energy use in buildings is one of the largest contributors to global and local energy consumption. In the UK, Palmer and Cooper [1] estimate that 26% of total annual carbon emissions arise from energy use during the operational phase of residential buildings' lifecycles. The UK Government established the goal of reducing emissions from homes by 29% by 2020 [2] . Energy efficiency improvements in UK homes form a central part of the decarbonisation plans, with millions of retrofits of residential homes planned over the next decades [3] . However, uptake of a main recent Government policy to promote energy efficiency renovations has been much lower than expected [4] , casting doubt how successful energy reduction through retrofitting will be. Another strategy that has been tested repeatedly is to give occupants individual or comparative feedback on their energy consumption, with the aim of achieving energy reductions (e.g. [5, 6] ); however, whilst energy savings were achieved they were not near the region of energy savings needed and indeed, not always realized, often focused on electricity savings only, and reduced in magnitude over time (for a review, see [7] ). In addition, according to current projections, the number of households in England is predicted to increase from currently 22.3 million to 27.5 by 2037 [8] , which despite a falling household size is likely to be associated with increased national energy demand [9] which would dwarf savings from any feedback interventions.
This paper explores the opportunities of, and challenges associated with, a different route towards reducing residential energy consumption: housing downsizing, that is, people moving to a smaller dwelling. It is likely to be an option primarily for the elderly who continue to live in big family homes even once their children have moved out [10] . Only few estimates of the prevalence of downsizing exist, and ''there remains considerable controversy even about what the facts are about downsizing at older ages" [11, p.3] . The authors estimated that over a 10-year period one in four British home owners over 50 years of age relocated whereas in the US it is one in three. Those within Britain who relocated reduced the size of their home on average by 1.4 rooms indicating downsizing (if of smaller magnitude than in the US with 2.2 rooms). Hence, data indicate that some downsizing occurs but only of limited prevalence and limited effect. Downsizing of equipment to realize energy savings has been discussed, e.g. with suggestions that energy-efficiency measures can have the added benefit of reducing the size of equipment such as HVAC [12, 13] ; or a smaller size engine in cars [14] . However, downsizing in the sense of reducing one's living space and its implications for energy use has received very little attention in both research and policy, making this paper novel in terms of its literature review, data analysis, and policy recommendations. It is to be expected that this topic will receive greater attention in the future in particular in cities which see continuous population growth. In fact, Policy Think Tanks have identified downsizing as an important topic (e.g. [15] ). In the introduction this paper will present current thinking and findings on downsizing with a particular focus on prerequisites for, barriers to, and benefits of downsizing, and by showing evidence on the impact of building size on energy consumption. In the empirical part, it sets out to address four main aims:
to make the case for downsizing by showing the impact of dwelling size versus other predictors on energy consumption; to exemplify the potential for energy savings through downsizing; to show in detail the mismatch between the number of bedrooms households have and need; to describe the socio-demographic characteristics of underoccupiers.
The discussion then draws together empirical findings and findings from the literature review.
Benefits of and barriers to downsizing
Beyond the central focus on energy savings and hence the reduction of carbon emissions, downsizing has other benefits. The one that has received most attention is the potential economic benefit [10, 11] . Bills and, in the case of renters rent, will usually be lower for a smaller dwelling, reducing monthly spending. For owner-occupiers, maintenance cost might decrease, and in particular money freed up when selling one's home and buying a smaller one in return. In addition, the -not necessarily monetary -costs of maintaining a large home would reduce; such as cleaning. Also, a newly chosen property might be more ageappropriate, e.g. without stairs, with wide doors, and in close proximity to amenities or public transport. Leach [16] carried out interviews with home owners between 65 and 75 years who had downsized and they reported finding life after downsizing liberating, with lower household bills to pay and a smaller house to manage. Finally, if the elderly downsized to a smaller property, space would be freed up for younger people and families. The housing crisis, i.e. a lack of available, appropriate properties, and high housing costs, is often seen as a core issue of intergenerational justice [17] where the older generation is better off than the younger generation.
However, despite those benefits of downsizing most moving that happens in older age is for other reasons, in particular health reasons [18, 19] , widowhood [19] , or to be closer to children [18] . In addition, various barriers towards downsizing have been identified.
Leach [16] had interviewed home owners between 65 and 75 who did not want to downsize, giving as reasons that moving to a smaller house would make it harder to store possessions and that new buildings were too tiny. The latter is corroborated by facts: The UK has indeed the smallest homes in Europe, and new builds are on average even smaller than existing buildings [15] . Interviews with a nationally representative sample in England showed that bungalows were the preferred housing option and only 1% of the elderly would chose to live in a modern building [20] ; however, in particular in cities like London flats are currently predominantly being built.
Another barrier is the desire to protect property as a means to ensure inheritance for children [21] [22] [23] . When selling one home and buying another, most likely capital is freed up which then is subject to inflation, making it if anything decline in value whereas house prices have seen an increase in the last decades. Also, in the UK, buying a home demands payment of 'stamp duty land tax' when purchase price is above a certain amount of currently £125,000 [24] above which 2% or 5% of the purchase price need to be paid. This money is basically lost from the inheritance. In fact, Leach [16] found that both those who did not downsize thought that stamp duty concessions could encourage people to move. Selling a home and moving into rented accommodation is not attractive as it would expose occupants to insecurity in the sense of potentially rising rental prices [25] . Also, living in one's own home is seen as a sign of independence [26] . This again might make moving into rental accommodation unlikely, but may not prevent moving to a smaller home. Finally, strong attachment to one's home could prevent moving at an older age [27] .
Prerequisites for and barriers to downsizing
In order for downsizing to be a viable option, a significant amount of under-occupying must occur. In the UK, the 'bedroom standard' as The Housing (Overcrowding) Bill of 2003 is usually referred to, determines how many bedrooms are deemed necessary for a given living situation [28] . A separate bedroom is allocated to The Office for National Statistics [28] estimated that around 16.1 million households out of the 23.4 million households in England and Wales were estimated to be under-occupying their accommodation in 2011-12 of which 8.1 million had at least two bedrooms and the rest one bedroom more than needed according to the bedroom standard. There was no equivalence in terms of overcrowding which affected 1.1 million households. Hence, a pure redistribution of housing would not work to reduce under-occupying; indicating that of the available properties, many are too large (in terms of number of bedrooms) to mitigate under-occupation. Assuming that properties were available, owner-occupiers would be in the best position to downsize; given the very high prevalence of under-occupation with more than 8 in 10 (82.7%) owner occupied households having at least one spare bedroom. However, also in the privately rented sector 49.5% and in the social housing sector 39.4% of households were considered under-occupying their home. Whilst the capital city London which has seen huge growth in the last years has a significant amount of overcrowding (11% of all households), underoccupation in much more prevalent, occurring in about 50% of all homes [28] .
Hence, the potential for downsizing in England and Wales is huge; however, given the low rate of overcrowding, a simple redistribution of households within the existing housing stock would not achieve a better match of household sizes to house sizes. In Section 4 opportunities for mitigating mismatch are reviewed.
Determinants of residential energy consumption
In order for downsizing to be a viable option, the relationship of building size to energy consumption needs to be demonstrated. A large number of studies have looked at the impact of building variables on energy use (for an excellent summary and overview, see [29] ). Building factors were found to explain about 42% and 54%, respectively, of the variability in energy use [29, 30] . Building size and building type were generally the strongest predictors [29, [31] [32] [33] , more important than retrofit measures. Without providing a combined score for the total predictive power of building factors, [34] also found that they were more important than occupant characteristics in explaining space-heating demand. Occupant variables explain a significant amount of variability in residential energy consumption; however, their impact is much lower than that of buildings variables with estimates ranging from 4.2% [29] to 20% [34] . Household size and household income are generally the most important socio-demographic predictors: energy consumption increases with higher income [35] [36] [37] , and larger household size [36, 37] . The role of householder age is unclear -a negative [38] , a positive [29, 39] , and no relationship [35] between age and energy consumption has been reported. Other socio-demographics, occupant heating behaviour, self-reported energy-related behaviours and attitudes towards climate change only play a very minor role [31] . Previous research has already established that dwelling size and type are the strongest predictors of residential energy consumption, making them a potentially important target area towards a goal of reducing energy consumption. However, no study has explicitly compared to role of building size in determining energy consumption in contrast to other factors, and has not calculated the potential for energy savings through downsizing.
Methods

Data set
The data analysed for this paper formed part of the Energy Follow-Up Survey 2011 (EFUS), commissioned by the Department of Energy and Climate Change [40] and of the English Housing Survey (EHS) 2011/12. The two surveys were matched allowing information from both sources to be combined. The EHS collects detailed information about the English housing stock alongside socio-demographics of the occupants. The EFUS encompassed a self-completion survey in which householders reported details of their dwelling and their heating practices. Gas and electricity meter readings were obtained in a subsample of homes, and were used to estimate yearly consumption. The sample size for EFUS was N = 2616; meter readings were available for N = 1345 households. Of those 1345 households further households were excluded from the sample on the following grounds:
(1) there was a positive reply to the question if physical changes to the dwelling had been carried out since the last EHS; as it was not recorded what exactly changed and when, the impact on energy consumption could not be assessed, (2) there was a positive reply to the question if the household composition had been changed since the last EHS; again, as it was not recorded how and when the household changed, the impact on energy consumption could not be assessed, (3) the annual energy consumption was considered an outlier (± 3 SD from the sample mean of energy consumption), (4) usage of heating fuels other that gas or electricity (to avoid subsamples that were too small), and
Hence the total remaining sample size was N = 991 households for the EFUS data.
For analysis based only on the EHS, all cases were included (N = 14,386). In each part of Section 3, it is clearly stated whether analysis is based on EFUS data matched with EHS, or EHS data only.
Analysis methods
Data were analysed to meet the main aims as set out in Section 1. Correlational analysis was used to understand the relationship between energy consumption, dwelling size, and occupancy, and linear regression analysis tested the impact of the different predictors on (log-transformed) annual energy consumption (3.1). Selecting the subsample of single-occupant households, ANOVA was used to show the impact of living in a dwelling with various numbers of bedrooms and simple projection used to demonstrate energy savings potential of downsizing (3.2). Correlational analysis was used to highlight the relationship between the number of bedrooms a household has versus needs (3.3). To characterize householders who under-occupy their home, logistic regression was used (3.3).
Results
Impact of dwelling size, type, and household size on residential energy consumption
The EFUS data matched with EHS data formed the basis for this analysis (N = 991). The correlation between dwelling size, expressed in m 2 , and energy consumption (kW h) was r = .49, t , and standardized regression coefficients all indicate that dwelling size has a larger impact on residential energy consumption than household size. In fact, is it the strongest impact factor: A recently published paper using this data but a much wider range of predictors spanning across building characteristics, socio-demographics, attitudes and behaviours showed that total explanatory power using rises only to 41.9%, i.e. half of the variability can be explained by dwelling size alone [31] .
Example of potential for downsizing
A complete calculation of potential energy savings due to downsizing is beyond the scope of this paper as the actual savings would highly depend on the quality of the building stock that would be available for occupants. We exemplify the effect in terms of number of bedrooms in the subsample of all homes with a single occupier, taken from the EFUS data combined with EHS data. N = 258 households were occupied by one person only; the one single-person household occupying six bedrooms was considered an outlier and excluded from further analysis, resulting in a sample size of N = 257. Using number of bedrooms as a way to divide the sample is in line with calculation of underoccupation [28] . Fig. 1 shows how average annual energy consumption varies with the numbers of bedrooms. Data show an approximately linear relationship; for each additional bedroom, energy consumption increases by roughly 3750 kW h.
Average gas prices are 4.29 pence/kwH and 14.05 pence/kwH for electricity [41] . Hence, an increase by 3750 kwh/annum for each additional bedroom means roughly an additional £270/annum (assuming 70% of the increase are for gas, and 30% for electricity). Table 2 shows the breakdown of single-person households against number of bedrooms in the sample, and in two downsizing scenarios. In the first one, it is assumed that only those having three or four bedrooms would reduce by one room, i.e. to a dwelling with two or three bedrooms, respectively. In the second scenario, it is assumed that all households downsize to a one-bedroom dwelling. Fig. 2 shows the changes in the sum of annual energy consumption for all single-person households in the sample and the two downsizing scenarios. For each different number of bedrooms, the number of cases for that bedroom number was multiplied with the average annual consumption for that bedroom number; the products across bedrooms were then summed. 1 The value displayed is the sum of multiplying the number of cases for each bedroom with the annual energy consumption for that bedroom, converting from kW h into mW h. Scenario 1 would mean a reduction in yearly energy consumption of about 8% and Scenario 2 of about 27%. Hence, even moderate downsizing, i.e. allowing a spare bedroom for those who have two or more bedrooms at the moment would be associated with significant energy savings.
Of course, this analysis is simplified; it does not account for differences in, for example, building quality, and is based on a sample with only with a limited number of cases (N = 257 single-person households). But even assuming a wide error margin, this would still be a significant reduction, and illustrates the potential for energy savings through downsizing, and given the significant reduction in terms of kW h, substantial financial savings.
Over-and under-occupying
As reviewed in Section 1.2, a large share of households are underoccupying with much lower rates of overcrowding. This mismatch is reflected by the moderate correlation of r = .37 (p < .001) between how many bedrooms households have and how many they need to meet minimum requirements (EHS data, N = 14,386). Across the sample, in particular for the one-bedroom case, the mismatch was striking, with only about 12% of households having a one-bedroom dwelling but more than 50% needing one. At the upper end, the picture reversed, with more large properties than needed.
When, for each household, subtracting the number of bedrooms a household actually needs from the number of bedrooms it has, the following picture emerges, Fig. 4 . Fig. 4 shows the findings as reported in 1.2 (as they are based on the same data set but without weighting in this case) but in greater detail. About 30% of households occupy a dwelling with exactly the number of bedrooms deemed necessary under the bedroom standard whereas almost two-thirds of households were underoccupied according to that standard.
In a next step, we characterized households that were underoccupying versus those that were not. In order to avoid a very small group size for 'overcrowding', the households that had the appropriate number of bedrooms and those considered as overcrowded were summarized into one category. Logistic regression was used to predict underoccupying (coded as '1') versus not underoccupying (coded as '0'). Because of missing data on some variables used as predictors in subsequent analysis, the total sample size was N = 14,281, with N under = 9215 and N not_under = 5066. Table 3 shows the variables used as predictors and their distribution over the two groups. HRP stands for 'Household Reference Person' which refers either to the sole owner or the tenant of a property, or, if there is more than one occupant, the person with the highest income, and in the case of equal incomes, the oldest of those [42] .
The mean household size was amongst underoccupiers M = 2.18 (SD = 1.10) and amongst non-underoccupiers M = 2.79 (SD = 1.62). Those underoccupying had lived on average M = 15.65 years (SD = 14.85) in the dwelling and those not underoccupying only M = 7. 17 (SD = 8.01).
Inspection of Table 3 already points to differences between the two groups, with for example, e.g. householders underoccupying tended to be in higher income classes, not having dependent children, and being home owners.
Logistic regression was then used to test for statistically significant relationships between predictor and outcome variable (underoccupying vs. not) A test of the full model against a constant only model was statistically significant, indicating that the predictors as a set reliably distinguished between underoccupiers and nonunderoccupiers (chi square (21) = 4813.10, p < .001). Prediction success overall was 76.3%, with a higher success rate of 83.6% for underoccupation than not-underoccupation (62.9%); Nagelkerke's R 2 = .393. Table 4 lists summarizes the regression results for the variables predicting underoccupation and non-underoccupation.
Exp(B) gives the odds-ration, i.e. indicating if a predictor makes it more or less likely that a household is underoccupying. Results indicate that those in the highest two income-groups are significant more likely to be underoccupying than those in the lowest income group. Households with no one working are less likely to underoccupy, Households with an HRP under 45 are less likely to underoccupy than those between 45 and 64 years, and home owners and private renters are more likely to underoccupy than social renters. Not having dependent children in the house is associated with a higher likelihood of underoccupying. All ethnic origins not white are less likely to underoccupy. A larger household is associated with being less likely, a longer residency with being more likely to underoccupy.
Discussion
This paper is the first to systematically summarize previous findings on motivations for and barriers against downsizing, and to show empirical evidence on the potential of downsizing in reducing energy consumption and delivering substantial social and personal benefits. The empirical analysis has demonstrated clearly that building size is by far the strongest predictor of residential energy consumption and has exemplified the potential for downsizing. It supports earlier findings on the importance of building size as a predictor [29, [31] [32] [33] but allows specifically comparing the effect of building size versus number of occupants, showing the much greater impact of the former on energy consumption than the latter. It also identified that home owners who are still working, have a high income but no dependent children in the house are most likely to underoccupy. If more householders would downsize, significant energy savings could be achieved, contributing to 
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Difference between actual and needed bedrooms the national goal of carbon emission reduction. Other benefits would include freeing up living space for the younger generation, creating more disposable income and more age-appropriate living conditions. Given the large impact of building size in determining energy consumption and the high prevalence of underoccupying, promotion of downsizing would seem an obvious choice to reduce a nation's energy consumption. However, the barriers to downsizing are significant and significant changes would be needed to make downsizing a possible and attractive option. One immediate logistical barrier is the lack of alternative accommodation into which to move. There are simply not enough smaller dwellings to allow downsizing. Indeed, one reason why the bedroom tax was doomed to fail was the unavailability of smaller dwellings: The bedroom tax, formally known as ''under-occupancy charge" was implemented to penalize social housings tenants who have more bedrooms than needed [43] . Occupants lose a share of their entitled benefits for occupying more space than deemed necessary. However, this scheme has been highly criticized because of the lack of alternative housing to which tenants could move in order to avoid the penalty [44] . Hence, creating attractive alternative housing is a main structural challenge. It would have the potential of promoting the economy, e.g. through jobs in the construction industry if dwellings were converted into smaller, multiple unitproperties. Also, when increasing the density of living, additional amenities need to be created, such as GP practices, public transport, and entertainment options which might generate new revenue but will also need substantial investment. When creating new properties, it needs to be kept in mind that the UK already has amoungst the smallest mean floor area per dwelling for its housing-stock in Europe, in particular for new-build properties [15] . Morgan and Cruickshank [45] hypothesize that people underoccupy because they perceive their rooms as too small and make up for it by having more rooms.
Putting the structural barriers aside, a number of 'psychological barriers' remain. As reviewed in the introduction, a range of concerns have been identified around downsizing. For some of them, the right incentive might help to overcome them. For example, the loss of space is a crucial aspect; in fact, Leach [16] reported that elderly couples felt it necessary to have spare rooms, not just for visitors but also for themselves if both were retired/staying at home. Whilst feeling the need to have a lot of personal space might be hard to overcome, providing space more visitors could be arranged differently. As an example, several communal housing projects have shared facilities for guests which each household in the commune can make use of. If converting a large house into multiple dwellings it is likewise feasible to keep spare bedrooms for visitors; it seems unlikely that all regular occupants would have visitors at the same time. Similarly, arranging for communal storage space (e.g. individual compartments in the attic) could help address concerns about not enough storage space when downsizing.
The concern about loss of ownership and the desire to preserve inheritance for children [21] [22] [23] could be addressed if were adjusted for household composition and size such that those incomes can reasonably be directly compared with each other. This implies increasing the incomes of small households and decreasing the incomes of large households and the extent of these increases and decreases is determined by an internationally agreed set of scales. home-owners would not downsize by selling their building but by moving into rented accommodation, with a contract limiting any potential rent increases to address the concern of moving into a volatile renting market [25] . A pilot scheme was designed in London, the Redbridge ''Free Space" project, in which property owners leave their house to move to smaller, more appropriate housing, but retain ownership of their house. The dwelling is rented out by the Council who takes care of all landlord responsibilities. 2 Taking a lodger would be an alternative to reduce underoccupation but allowing homeowners to stay in their home to which they are attached [27] . Schemes exist that bring benefits beyond monetary gains such as promoting intergenerational justice and easier maintenance. Germany, for example, has a scheme called ''Wohnen fuer Hilfe" 3 (''Living for help") where students or apprentices live (almost) free of charge in a household of an elderly person but provide other support in exchange, such as shopping, household chores, and companionship. The UK and other countries have similar schemes. In particular in large cities like London where rental prices have increased significantly in the last years, such a scheme might be highly successful. Finally, one commonly given incentive for downsizing is the monetary benefit [10, 11] . However, this might be a double-edged sword: Whilst being potentially a powerful incentive, in particular when combined with favourable selling conditions such as reduced or no stamp duty [16] , it has also the potential for rebound effects regarding energy savings if those who downsize would then use the freed up money for other energy-intensive activities such as long-distance flights. This rebound effect has been demonstrated repeatedly and can mitigate or negate energy savings achieved (e.g. [46, 47] ).
To conclude, promoting downsizing as a means to achieve energy policy goals is challenging and controversial. The evidence would suggest that it could realize significant energy savings, and address a range of other social benefits. Against this stand significant cultural factors and personal interests. As with many potential environmental measures, this pits the social against the personal and would require, in the UK at least, changes in the composition of the building stock, social attitudes towards house size as a symbol of wealth and social status, and innovation in housing provision, financial models and legal structures to be achieved. One might speculate that resentment against initiatives towards downsizing might be particularly strong, given the social status associated with owning larger homes, and for many, the legacy of familial memories associated with having spent years living in a particular environment. We do not underestimate the significance of these challenges, but note that there may be ways to mitigate such sources of resistance to downsizing while increasing the benefits. Given the potential of downsizing in saving energy, it seems worth researching this idea further, through focus groups and nationally representative surveys to assess motivations and barriers to downsizing in more focused ways and to understand what desirable housing looks like. After identifying the most common barriers, motivations, and prerequisites, interventions could be developed to incentivize downsizing. Choice experiments could give an initial insight into potential downsizing rates following different incentives, but ideally, eventually this would cumulate in a randomized control trial of policy measures to quantify actual downsizing rates. Tax incentives for those who downsize [16] might be a viable policy measure and provision of desirable housing such as bungalows [20] .
